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Abstract 

The high economic pressures have shifted the interest in shale resource plays from gas to gas 

condensates and oil. Geochemically, this is a shift in research perspective from mere knowledge of the 
organic carbon content of the host rock to the kind, maturity, and extent of heterogeneities in the 

distribution of the organic components of the shale. This is critical due to the direct relationship between 

organic carbon and gas storage, transport and deliverability. To investigate the extent of hetero-
geneities in the hydrocarbon distribution, a combination of Fourier transform infrared spectroscopy, 

total organic carbon analysis, and ultra-violet infrared spectroscopy were utilized. Shale for the study 

was sampled from the Union Springs Formation of the Marcellus Subgroup in Pennsylvania. Data 
analyses from a 10 x 10 cm grid locations show a range of total organic carbon values from 7.51% to 

8.96% and an average of 8.13%. Every sample was dominated by aromatic hydrocarbons with E4: E6 

values ranging from 2.96 and 3.66. In terms of functional groups, sporadic changes in hydrocarbon 
bonds were reported. These ranged from the presence of methyl or methylene a/symmetric aliphatic 

hydrocarbons to aromatic combination C -H, C=C stretching bonds at relatively short intervals. 

Heterogeneities in the kinds of hydrocarbon reported and their distributions were attributed to the 
variations in the paleoenvironmental redox conditions, source material, complex depositional history, 

temporal variations and varying sedimentation rates. 
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1. Introduction 

Elucidating the amount, type, maturity, and heterogeneities in the distribution of organic 
carbon in shales are of great significance due to the potentially recoverable hydrocarbon 
content of shale gas reservoirs [1-5]. Shale unconventional systems are source rocks that also 

function as reservoirs, and are a class of continuous hydrocarbon accumulations [6] that are 
mostly vast, locked in fine-grained low permeability matrices and depend on fracture per-
meability for production [7]. Gas recovery factors are commonly low [6]. Since their emergence 
and the first production in the nineteenth century in Fredonia, New York, the demand for the 
economically viable, shale gas hydrocarbon resources has heightened due to the ever-
increasing percentage demand to natural gas and the lack of new conventional resources [8].  

Despite exploration and exploitation successes such as, the over 39,500 shale gas wells in 
the United States of America (USA), production of 600 bcf/year [9], 60% of assessed shale 
gas resources in the Asian- Pacific regions, the recoverable reserves of 862 trillion cubic feet 
(tcf) in North America [10], and the 7795 (tcf) throughout the world [11] due to the recent 
technological advancements in fracking [12-14], recovery rates have remained extremely low 

(estimated to be about 10% to 30% of gas in place (GIP) [15]. The U.S. government’s Energy 
Information Administration (EIA) predicts that about 46% of the United States’ natural gas 
supply may come from gas shale by 2035, but many other studies confidently point to higher 
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decline rates of most producing shale gas wells [16-18]. These are indicative of an ultimately 
possible much lower gas production than it is being projected by the EIA [19-21].   

The decline in gas production rates though very unfortunate, it is not surprising due to the 
fact that, gas shales are extremely complex rocks, characterized by heterogeneities in com-
position and structure at all scales [18, 22]. This makes the production of gas from shale to be 

controlled by phenomena acting at many different scales, as have been reviewed by several 
authors [22-26]. The potentially significant properties impacting production from these reser-
voirs are the organic carbon content and the hydrocarbon type. These are also known to be 
related to many petrophysical properties of shale reservoirs. Many studies [1, 27-29] in the United 
States have identified various interdependence between total organic carbon (TOC), maturity, 

mineralogical composition, porosity, permeability, grain size and thickness, all of which are also 
key parameters in shale gas resource assessments and evaluation. For instance, micropore 
volume has been shown to increase with maturity due to the generation of pores hosted in 
organic matter [25, 30-31]. There also exists a positive correlation between TOC and porosity 
[32-33], and then an inverse relationship between TOC and grain size [34-36]. 

As a typical shale reservoir combines an organic-rich deposition with extremely low matrix 

permeability [23, 25, 37-38], quantifying and qualifying each of these parameters is key to under-
standing the potential, the rates, and mechanisms by which gas is delivered from shale to the 
production wells [39]. Not only are there relatively few detailed studies of hydrocarbon distri-
bution in shales [40-43] but also, the resulting complex organic and inorganic interactions which 
result in wide variations in surface chemistry [44-46] and sorption issues, each of these is critical 

to an accurate assessment and design of effective production strategies. Since recent studies 
place the Marcellus Subgroup as one of the six key gas shale units that account for about 95% 
of and all domestic oil and natural gas production growth respectively in the USA [47], this 
paper seeks to contribute to knowledge by making an inventory of the extent of the micro-
variations in organic carbon content, aromaticity, hydrocarbon types and their distribution in 

the Union Springs Formation.  

2. Geological setting 

2.1. Tectonics 

The Palaeozoic history of the Appalachian basin consists of three orogenic events induced 
by collisions between the North American plates (Laurentia) and the Eastern Oceanic Crust, 
converting the region from a passive margin during the Ordovician to a foreland basin and a 
narrow seaway [48]. At various periods, the basin was the site of restricted circulation and 
accumulation of organic-rich units (e.g., Utica-Point Pleasant and Marcellus Subgroup). The 

Acadian Orogeny, beginning in the Middle Devonian, resulted in subsidence near the Acadian 
mountains and uplift on the opposite side caused by flexural deformation [49].  

During the Middle and Late Devonian, the Appalachian foreland basin was bounded by the 
developing Acadian mountains on the east and south, the Cincinnati arch on the west, and the 
Old Red Sandstone continent to the north, and it was connected to the Rheic Ocean by a long 

and narrow seaway in the southwest, forming a nearly enclosed epicontinental sea [50-51]. 
Tectonic loading stemming from this event coupled with eustatic sea level rise terminated 
shallow-shelf carbonate deposition during the Early Devonian and led to the accumulation of 
several organic-rich shale units, including the Marcellus Subgroup. 

2.2. Stratigraphy 

The stratigraphy of the Appalachian basin based on outcrop studies integrated with cores, 
well logs, and limited geochemical data to construct a sequence-stratigraphic and depositional 
model is detailed in [52], so that only a brief description is presented here. The Marcellus Sub-
group overlies the Eifelian Stage Onondaga Limestone [53]. It comprises of organic- and pyrite-
rich black to dark gray shale intervals that are separated by a succession of limestone and 

sandstone of variable thicknesses [54]. The Marcellus Subgroup in Pennsylvania is divided into 
three units [55], the first black shale interval is the highly organic carbon-rich Union Springs 
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Formation [56] and is generally characterized in well logs by a pronounced increase in gamma-
ray signatures. The contact between the Onondaga Limestone and the Union Springs Forma-
tion is defined as a regional unconformity in the eastern parts of the basin and amalgamated 
with the Walbridge unconformity in the northeastern portion of the basin, but it is conformable 
in central Pennsylvania and New York [57]. 

The Union Springs Formation is overlain by the Cherry Valley Member in Western New York [58], 
the Purcell Limestone in West Virginia and Pennsylvania [59], and by the Turkey Ridge Member 
with which it also interfingers in Eastern Pennsylvania [53]. 

The Cherry Valley Member is composed of nodular and bedded limestone, shale, and silt-
stone in central and Western Pennsylvania, and the Turkey Ridge Member is composed 

primarily of sandstone [53]. The Cherry Valley Member and the entire Union Springs Formation 
are missing along the Northeast-Southwest trending region of western New York and North-
Western Pennsylvania, most likely as a result of erosion or non-deposition [57]. The Cherry 
Valley Member is overlain by the Chittenango Member [56], which is comprised of shale and 
irregularly interbedded limestone layers [52]. The basal interval of the Chittenango is charac-
terized as having a radioactive (gamma ray) spike, the amplitude of which decreases when 

moving up in the section. Density also increases up in the section, suggesting an overall 
decrease in organic carbon concentration within the Chittenango Member [52]. 

3. Materials and methods  

3.1. Materials 

The single shale sample for this study is from the Union Springs Formation of the Marcellus 
Subgroup (Pennsylvania, USA). Six sample locations (labeled P1 to P6) were drilled at differ-
rent points of the shale specimen-in a 10 x 10 cm grid- and evaluated. Sample locations are 
as presented in Figure 1.  

 
Figure 1. Shale grid showing sample locations 
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3.2. Total organic carbon (TOC) 

TOC analysis to determine the percent weight of organic carbon was measured on powdered 

shale with a Multiwin analyticjena (Multi N/C 3100) TOC/TNb analyzer adopting the direct 
method proposed by Dow and Pearson [60]. About 60 mg of pulverized rock pretreated with 
10% hydrochloric acid to remove inorganic carbon (carbonates) was used for the analysis. 
The residual materials were used for the determination of the TOC by combustion analysis of 
temperatures in excess of 850 °C. The evolved gas (CO) was measured quantitatively and 
simultaneously by infrared detectors and recorded as the percentage of carbon. The TOC is 

reported on a dry weight basis [60]. 

3.3. Ultraviolet-Visible (UV-vis) spectroscopy  

UV-vis spectroscopy was performed on dichloromethane extracted hydrocarbon using a 
Shimadzu UV-3150 spectrophotometer adopting procedures described in Schnitzer and 
Neyroud [61], Stevenson [62], and then Ramli and Padmanabhan [63]. The primary interest for 

this analysis was to know the aromaticity; that is, the ratios of aromatic (E4) to aliphatic (E6) 
hydrocarbon components at the wavelengths of 465 nm and 665 nm respectively at each sample 
location (Figure 1). 

3.4. Fourier-Transform Infrared (FTIR) spectroscopy 

Fourier transform infrared (FTIR) spectroscopy to analyze the organic functional groups 

was performed on an Agilent Technologies Cary 660 Series FTIR Spectrometer. About 2 mg 
and 0.5 mg of sample were dispersed in PIKE MIRACLE diamond attenuated total reflectance 
spectroscopy (ATR) to record optimal spectra in the regions of 4000 cm-1 to 500 cm-1 with a 
resolution of 4 cm-1 and 64 scans. 

A quartz beam splitter contained in the spectrometer allowed measurements within the range 

of 4000 cm-1 to 500 cm-1. Spectral manipulation such as baseline adjustment and smoothing 
was performed using a Spectrocalc software package (Galactic Industries Corporation, NH, 
USA). Interested functional groups identified in results were identified based on standards in 
Stuart [64] and Coates [65]. 

4. Results and discussion 

4.1. Hand specimen description 

Grain size: Texturally speaking, the studied sample is a lutite i.e. fine grained sedimentary 
rock composed of clay-sized particles (Figure 2).  

 

Figure 2. Photograph of the Union Springs formation under study 
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The fine size of its constituent grains may suggest that sediments underwent long periods 
of suspension in relatively quiet, low energy conditions. Such grains had little chances of beco-
ming rounded due to their small nature and little probability of impact against other grains 
which would normally cause abrasion and rounding. There are a number and variety of 
depositional settings where this kind of sediment – often transported as windblown dust – can 

accumulate, such as in quiet lakes and swamps, at the distal end of a delta (i.e., the prodelta), 
or at oceanic abyssal plains. The fine-grained nature of the original sediment may also suggest 
a relatively high organic carbon content due to their hydrodynamic equivalence [66-67]. 

Fissility: This rock property is as the result of the tendency of clay minerals to be deposited 
with their sheet structures [(001) crystallographic planes] parallel to the depositional surface, 

oriented perpendicular to the maximum principal stress direction due to lithostatic pressure. 
Fissility in the shale is indicative of abundance of clay minerals and organic matter, and the 
extent of that directly relates to the quantity of the two latter. That is, the more clay minerals 
in a sediment, the more likely is the resulting shale to become fissile. The degree of preferred 
orientation of the clay minerals in the shale (fissility) is also known to be related to the 
electronegativity of the particulate matter in suspension. This is because clay particles tend to 

adhere to one another if they collide during transport.   Adhesion of small mineral grains is 
referred to as flocculation. If the clay minerals flocculate, then they are less likely to have a 
preferred orientation, and it is thus less likely to form rocks with fissility like the one in the 
shale studied herein. One way clay minerals do not adhere to one another but repel in a colloid 
is when surface potential is relatively high and negative.   

Carbonate minerals: The sample fizzed with 10% (HCl). This is an indication of the pre-
sence of carbonate minerals. The commonest in the Union Spring Formation is calcite and is 
known to originate either from digenesis or as bioclastic grains produced by foraminifera and other 
microorganisms.  

Colour: The colour shows varying degrees of hues of black with strands of grey. Although 

the colour of the shale is not a good classification tool, the opacity of the color black in shale 
is known to be directly related to the total organic carbon. More often than not, black shale 
often reports organic carbon of about 2%, which would not be expected to accumulate in 
shallow, oxygenated water. The color also suggests a rapid sediment burial which can lead to 
reducing conditions and preservation of carbon compounds in the rock. The varying degrees 

in the hues of the colour black suggest varying degrees of organic carbon content in the shale. 
A dominant black colour may suggest either anoxic paleoenvironmental conditions during 
deposition or anoxia reached shortly after the burial. The varying degrees of opacity in the 
hues may indicate slight variations in those conditions 

4.2. Total organic carbon  

Results from the TOC analysis are presented in Figure 3. TOC values range from 7.51% to 8.96%.  

 

Figure 3. TOC Distribution at Sample Locations 

The average TOC value in the sample is 
8.13%, which compares well with published 

data [66-69]. All the sample locations are 
organic-rich, with an average TOC value 
which qualifies the specimen as an exce-
llent source rock, that is having TOC values 
greater than 4% [70]. Variations in the TOC 

values are slight within the shale sample. It 
is worth mentioning that significant va-
riations were observed across sample lamella 
but fairly homogenous among sample loca-
tions found along a similar lamella. These 

observations depict alternating levels of 
micro-temporal redox conditions and diffe- 
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rent sedimentation and burial rates. This may explain the decrease in the TOC values in P5 
and P6 that are located on a different lamella. They also suggest slight variations in the quality 
of organic debris or composition that were deposited, as such an expected variations in the 
susceptibility to degradation and/or remineralization [71]. 

4.3. Ultra-violet visible (UV-vis) spectroscopy  

To characterize the hydrocarbons and determine how variable by type they are distributed 
along and across the shale lamellae, data from UV-vis was analyzed. The primary avidity was 
mainly the ratio of optical densities of dilute humic and fulvic acids at wavelengths of 465 nm 
(E4) and 665 nm (E6) respectively [72-73]. 

 

Figure 4. Showing data from E4:E6 values spectroscopy  

Results from the analyses presented in 
Figure 4 show the dominance of 
aromatic hydrocarbons (E4: E6>1) in all 
the studied locations (P1-P6). E4: E6>1 

range from 2.96 to 3.66 with an average 
of 3.44. Slight varia-tions in the 
absolute E4: E6 values are indi-cations 
of micro-scale heterogeneities in the 
quality of hydrocarbons within the shale 

sam-ple. These are reflections of the 
diverse sedi-mentological conditions 
during deposition. These slight hetero-
geneities suggest differential retention 
capacities of aromatic compounds within 

and across rock layers and the shale at large. Variations in the aromaticity suggest preferential 
migration of the lighter aliphatic components from the shale. These variations in the content 

of aromatic compounds (E4: E6>1) depicts slight temporal and spatial heterogeneities in 
thermal maturity and subsequently micro scale pore volume. 

4.4. Fourier transform infrared spectroscopy 

Data from FTIR analysis are summarized in Table 1. There are somewhat homogenous attri-
butes in the type, kind, and intensities in only two locations P1 and P2 (Figure 5). The profiles 

of P1 and P2 superimpose perfectly; a signature that is as expected due to the relatively small 
distance between the sample locations. Common functional groups identified at these two 
locations are low free O-H stretching bonds at 3600 cm-1 (Table 1). Such peaks are known to 
be associated with either water and/or clay minerals. If the latter is true, they may be arising 
from frequencies associated with the internal surfaces of hydroxyl groups of the clays [74-76]. 

The distinguishable absorption doublets of aromatic combination C-H stretching bands were 
identified at the wavelengths of 2340 cm-1 and 2360 cm-1.  Signatures of aromatic and aliphatic 
olefin peaks were absorbed in 1500 cm-1 and 1600 cm-1 respectively. Aromatic (C-H) out of 
plane bending peaks at wavelengths from 1085-694.33 cm-1 were consistent at the two 
locations. Readings from P3 mimicked the FTIR profile patterns of analyses at points P1 and 

P2. Slight heterogeneities are the relatively high peak intensities in P3 and the absence of the 
aromatic –C-H absorbance at 2340 cm-1 and 2360 cm-1 (Figure 5) which may explain the 
relatively low E4/E6 value reported at that location. 

At P4 to P6 (Figure 6), the characteristic absorption peaks of free O-H stretching, aromatic 
C=C, aliphatic =C-H and out of plane C-H bending at wavelengths of 3600 cm-1, 1500 cm-1, 
1600cm-1 and 1085-694 cm-1 respectively (Figure 3) were all observed like in the other three 

locations (P1 to P3) (Figure 5). Slight changes in peak positions may indicate variable ring-
substitution patterns [64, 77].  Variations in the peak positions and intensities in the bands of 
the out of plane bending vibrations of aromatic compounds at wavelengths between 900 cm-1 to 
700 cm-1 (Table 1) indicate heterogeneities in the number of hydrogens in the aromatic ring [78-80]. 
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Perhaps the astonishing traits of the profiles presented here are the sporadic variations in 
peak intensities and organic functional groups reported in P4 to P6 (Figure 6) despite their 
proximity laterally and horizontally to P1 to P3 (Even the distinction between the free O-H 
stretching regions is clearer at wavelengths of 3695 cm-1 and 3620 cm-1 characteristics of the 
kaolin group at these two locations [77]. There is also a broad absorption peak near 3400 cm-1 

indicative of the clay mineral illite which is absent at P1 to P3). Although the aromatic –C-H 
absorption doublets at 2340 cm-1 and 2360 cm-1 are absent at P4 to P6 the aromatic C=C 
absorption at 1500 cm-seem to be more pronounced than those reported at P1 to P3. Another 
observation is the absence of the aliphatic olefin peak (=C-H) at 1600 cm-1 in only P4 (Table 1; 
Figure 6). The absorption peaks at the wavelength bands 2960 cm-1 to 2930 cm-1 and 2870 

cm-1 to 2850 cm-1 indicate the presence of aliphatic methyl and methylene a/symmetric C–H 
stretching hydrocarbons respectively in P5 and P6 (Table 1, Figure 6). The relatively high 
concentrations of aliphatic hydrocarbon bonds in P5 and P6 justify their lower reported 
aromaticity (Figure 4). The profiles of P5 and P6 only differ by transmittance peak intensities. 
The later seems to report relatively higher transmittances than P5 which according to Coates [65] 
and Silverstein, et al. [81] is an indication of variations in the quantity of that particular 

functional group. This observation may actually explain the relatively higher aromaticity in P5 
despite its lower TOC (Figure 3). 

Table 1. Summary of results from FTIR spectroscopy 

Functional Group 
Sample ID 

P1 P2 P3 P4 P5 P6 

Bonds Type Wavelengths (cm-1) 

Al≡O-H Stretching 

In
o
rg

a
n
ic

    3694.12 3695.41 3696.10 

Al≡O-H (Inner 
Octahedral) 

3620.60 3620.60 3620.62 3619.63 3650.29 3621.48 

H-O-H Stretching 3384.95 3384.95 3398.58  3414.93 3408.35 

Methyl symmetric C–H 

A
li
p
h
a
ti
c
 

    2959.61 2960.17 

Methylene asymmetric 
C–H 

    2930.34 2928.10 

Methyl asymmetric C–H     2865.19 2865.19 

Methylene symmetric C–
H 

    2843.47 2844.10 

C=C stretching 2161.72 2161.72     

Combination C-H 
stretching 

A
ro

m
a
ti
c
 

2360.29 2360.29     

2340.87 2340.87     

Overtone and 
combination bands 

1983.52 1983.52 1979.78    

C=C stretching 
1598.00 1598.00 1634.01 1637.66 1636.91  

1438.74 1438.74  1431.00 1514.33  

In-plane C-H bending 

1004.73 1004.73   1052.63  

    1032.19  

    1007.12  

Out-of-plane C–H 
bending 

913.22 913.22 984.96 996.39  993.98 

777.31 777.31 829.13 795.47 795.79 911.96 

692.99 692.99 692.83 776.84 756.25 828.16 

   692.46 692.89 795.31 

     777.02 

     692.40 
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Figure 5. FTIR Spectra of Sample Points P1 to P3 Figure 6. FTIR Spectra of Sample Points P4 and P5 

5. Conclusion 

This study indicates sporadic changes in organic carbon content, hydrocarbon type, bonds 

and their distribution in the Union Springs Formation. These variations within a relatively small scale 
have the potential to change the concept and knowledge of gas storage and transport mecha-
nisms in the studied formation. 

Heterogeneities in the amount and type of organic carbon, as well as in the contents of 
aliphatic and aromatic functional groups at the various locations on the sample, are indicative 

of slight variations in the source materials and redox conditions which may suggest compli-
cated temporal and spatial depositional patterns. 

The fissility of the sample implies a relatively high clay mineralogical content and a high 
electronegative surface, which in turn suggests the influence of surface potential and organo-
complex issues on physicochemical parameters which are in play as the mechanisms of floccu-

lation, sedimentation, and transport take place.  
The relatively high organic carbon content and high aromaticity suggest an-in general- anoxic 

depositional environment. They also suggest the potential of relatively high specific surfaces 
and a subsequent relatively high adsorption capacities for gas. However, slight heterogeneities 
in hydrocarbon distribution suggest variations in transport mechanisms at very small scales 

within the Union Springs Formation, which may mean diverse adsorptions capacities at relati-
vely small distances. 
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